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It has been postulated that post-translational modifications and relocalization
of proteins during apoptosis may lead to presentation of these molecules to the
immune system in such a way that normal mechanisms of tolerance are
bypassed. In the present study, Jurkat cells were induced to undergo apoptosis
by treatment with the chemotherapeutic agent Ara-C. BALB/c mice were then
immunized with the apoptotic cells and hybridomas were generated. Using an
indirect immunofluorescence assay, the monoclonal antibodies produced were
screened by flow cytometry for those monoclonal antibodies demonstrating
reactivity with permeabilized apoptotic Jurkat cells but not with non-
permeabilized normal or apoptotic Jurkat cells. Of 281 monoclonal antibodies,
20 monoclonal antibodies with these properties were selected for further
analysis. Using **P- or **S-metabolically labelled Jurkat cells, these selected
monoclonal antibodies were screened for their ability to recognize auto-
antigens by immunoprecipitation and Western blotting. Well characterized
autoimmune sera were then used to confirm the identity of autoantigens by
immunoblotting. We demonstrate that immunization of normal mice with
apoptotic Jurkat cells results in the formation of antibodies targeting multiple
autoantigens or autoantigen complexes, including Ku, rRNPs, snRNPs and
vimentin. These findings are consistent with the hypothesis that apoptosis can
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contribute to the development of autoimmunity.

© 2001 Academic Press

Introduction

Since the initial observations of several investigators
that autoantigens relocalize to the cell surface in
response to lethal stimuli such as ultraviolet (UV)
irradiation and activation of death receptors such as
Fas and the tumour necrosis factor (TNF) receptor,
there has been great interest in identifying the role
played by apoptosis in initiating autoimmunity [1-3].
It has been postulated that post translational modifi-
cations of autoantigens during apoptosis may some-
how be involved in the genesis of autoantibodies
in several diseases, including SLE, scleroderma and
dermatomyositis [review in 4, 5]. Many autoantigens
are cleaved in vivo and in vitro by a family of proteases
(called caspases because they cleave substrates imme-
diately following an aspartic acid residue within a
particular local context) [6, 7]. Another protease, the
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cytotoxic-granule protein granzyme B, has recently
been shown by Casciola-Rosen and colleagues to
cleave many autoantigens at sites not usually recog-
nized by caspases [8, 9]. Other modifications of auto-
antigens such as RNA cleavage [10-12]. DNA cleavage
[13] and methylation [14], and protein transglutami-
nation [15], citrullination [16], phosphorylation [17,
18], dephosphorylation [19], and ubiquitination [20]
also occur during cell death.

If apoptotic cells are an important reservoir of
autoantigens from which the loss of tolerance to
self-antigens originates, then exposure to apoptotic
cells might be expected to result in autoantibody
production. Importantly, when normal mice were
immunized with syngeneic apoptotic cells, their sera
developed low levels of autoantibodies, whereas the
sera from control mice immunized with non-apoptotic
cells generally did not contain autoantibodies [21].
These investigators looked only at serum from these
mice; to date there have been no studies in which
monoclonal antibodies rather than sera derived from
mice immunized with apoptotic cells, have been
analysed. The use of monoclonal antibodies rather
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than sera permits the examination of individual
components of an immune response without one
component confounding another.

In an effort to strengthen the potential relationship
between apoptosis and the development of antibodies
targeting autoantigens, we immunized BALB/c mice
with apoptotic Jurkat cells and generated monoclonal
antibodies. Using flow cytometry, we selected 20
monoclonal antibodies which demonstrated reactivity
with permeabilized apoptotic Jurkat cells but not with
non-permeabilized normal or apoptotic Jurkat cells.
Characterization of the 20 monoclonal antibodies is
described, and the implications of the results as they
relate to programmed cell death and the loss of
tolerance to self-antigens is discussed.

Materials and Methods

Generation of monoclonal antibodies

Monoclonal antibodies were generated by immuniz-
ing BALB/c mice with apoptotic human Jurkat T cells
as previously described [22]. Briefly, three female
BALB/c mice were immunized four times, either
subcutaneously (sc) or intraperitoneally (ip) at 3- to
4-week intervals with Jurkat cells that had been
treated with 1-B-d-arabinofuranosylcytosine (Ara-C)
(Sigma Chemical Co., St Louis, MO, USA) to induce
apoptosis. Three days before cell fusion, the mice were
boosted by ip injection with the apoptotic Jurkat cells.
Splenocytes from the immunized mouse were fused
with myeloma cells using polyethylene glycol by the
method previously described [23]. Approximately 850
hybridomas were generated in total from the three
separate fusions.

Monoclonal antibody screening using flow
cytometry

Jurkat T cells were permeabilized by the method
previously described [24, 25] with minor modifica-
tions [22]. Briefly, cells were fixed in 1% formalin
solution in PBS for 20 min on ice and washed twice
with PBS before the cells were permeabilized by
incubation on ice with digitonin (Aldrich, Milwaukee,
WI, USA). A digitonin stock solution of 10 mg/ml was
prepared in DMSO, and a final digitonin concen-
tration of 10 pg/ml diluted from the stock solution
with PBS was used for cell permeabilization. The
permeabilization of cells by digitonin was confirmed
by the uptake of trypan blue. After permeabilization,
the cells were washed and resuspended in PBS for
immunofluorescence staining. FACS analysis for each
antibody was performed on Jurkat cells that were
(i) non-apoptotic, permeabilized with digitonin; (ii)
non-apoptotic, non-permeabilized with digitonin;
(iii) apoptotic, permeabilized with digitonin; and (iv)
apoptotic, non-permeabilized with digitonin. Of the
original 850 antibodies, 281 recognized Jurkat cells
that had been treated and processed as above (i and iii

but not ii or iv). Twenty of these 281 antibodies were
randomly selected for this study.

Cells subjected to digitonin permeabilization or
mock permeabilization were labelled with each mono-
clonal antibody for flow cytometry by an indirect
immunofluorescence assay. After incubation on ice for
40 min with 100 ul of monoclonal antibody super-
natant or diluted ascites, cells (~1x10° cells/sample)
were washed three times with PBS containing 0.1%
bovine serum albumen (BSA, Intergen Co., Purschase,
NY, USA) and 0.01% NaNj. After a further incubation
for 40 min with affinity-purified goat anti-mouse IgG-
or IgM-FITC conjugate (1:500) (Jackson Immuno-
Research, West Grove, PA, USA), the cells were
washed three times in the buffer above and fixed in 1%
formalin solution in PBS for flow cytometric analysis.

Cell culture

Jurkat cells were grown in 5% CO, at 37°C using
RPMI 1640 (Bio Whittaker, Walkersville, MD, USA)
supplemented with 9% heat-inactivated fetal calf serum
(HI-FCS) (Tissue Culture Biologicals, Tulare, CA, USA)
and penicillin and streptomycin (Mediatech, Inc.,
Herndon, VA, USA). Jurkat cells were grown and
harvested at mid-log phase.

Metabolic labelling

Jurkat cells were incubated at a density of 2x10° cells/
ml in labelling medium containing the following: 90%
RPMI 1640 lacking methionine and cysteine (Gibco,
Grand Island, NY, USA) and 10% HI-FCS that had
been dialysed to equilibrium against 10 mM HEPES
buffer (Sigma Chemical Co.). **S-labelled methionine
and cysteine label (Dupont, New England Nuclear,
NEN, Boston, MA, USA) was added at a concentration
of 0.1 mCi/ml. Cells were incubated at 37°C for 2 h
to allow the cells to reach steady-state before each
treatment, unless otherwise indicated. Cells were
harvested at the end of the time course to ensure equal
labelling for each treatment.

Cell lysis

Jurkat cells were solubilized in Nonidet P-40 (NP40)
(Sigma Chemical Co.) lysis buffer (1% NP40, 150 mM
NaCl, 50 mM Tris pH 7.8, 1 mM EDTA). NP40 lysis
buffer was supplemented immediately before use
with a 100x protease inhibitor cocktail containing
chymostatin, leupeptin, pepstatin A, phenylmethyl-
sulfonyl fluoride, benzamidine and aprotinin, pre-
pared as described [26]. All chemicals were purchased
from Sigma. After addition of lysis buffer, cells
were incubated on ice for 30-60 min, centrifuged in a
refrigerated microfuge (5402; Eppendorf, Hamburg,
Germany) at 14,000 rpm for 15 min, and the super-
natant used immediately for each experiment.
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Cellular activation

Radiolabelled Jurkat cells were treated with anti-Fas
antibody 7C11 (IgM; kindly provided by Michael
Robertson, Indiana University, Bloomington, IN, USA)
prepared from hybridoma supernatant (1:500 v:v).
Cells were incubated at 37°C for the indicated times
prior to harvesting.

Immunoprecipitation and Western blot analysis

Lysates were precleared once with 20 ul of a 50%
solution of Protein A Sepharose (Pharmacia, Uppsala,
Sweden) in phosphate-buffered saline (PBS) and 5 pg
rabbit anti-mouse (RAM) IgG (Jackson Immuno-
Research) for 1h, followed by two preclears with
Protein A Sepharose overnight. Mouse monoclonal
antibodies (2 ul) and 5ug RAM IgG or IgM, or 2 pul
patient serum alone were used in precipitation exper-
iments. For monoclonal antibodies Z12, Z13, Z14
and Z15, 500 pl of serum-free culture supernatant was
also used in separate precipitation experiments.
Human polyclonal antibodies were obtained from the
following sources and stored at —70°C until used:
P. Fraser, Brigham and Women’s Hospital, Boston,
Massachusetts: healthy human control; Arthritis
Foundation/CDC Reference Sera, Atlanta, Georgia:
anti-Sm, anti-Ul RNP; E. Tan and C. Casiano, The
Scripps Research Institute, La Jolla, California: anti-
ribosomal P (serum KH); Immunovision Inc.,
Springdale, Arizona: anti-ribosomal P. Mouse mono-
clonal antibodies were obtained from the following
sources and stored at —70°C until used: D. Weaver,
Center for Blood Research, Boston, Massachusetts:
anti-DNA-PK and anti-Ku70; W. J. van Venrooij,
Katholieke Universiteit Nijmegen, The Netherlands:
anti-U1A/U2B” (9A9) [27]; Immunoprecipitations
from cell lysates were performed in NP40 lysis buffer
in a total volume of 500 ul and rotation in a 4°C
cold room for 2-24 h. Precipitates were harvested by
centrifuging for 25s at 14,000 rpm in a refrigerated
Eppendorf microfuge, washing three times with NP40
lysis buffer, resuspending in SDS loading buffer with
9% 2-mercaptoethanol, boiling for 5 min, and separat-
ing by SDS PAGE as described [28]. Proteins were
transferred to nitrocellulose (Schleicher and Scheull,
Keene, NH, USA) and either exposed for auto-
radiography or subjected to Western blot analysis as
indicated. Antibodies were used at the following con-
centrations: mouse monoclonal antibody Z7 (anti-Ku
70), 1:1,000; anti-ribosomal P (KH serum), 1:2,000;
anti-Sm (CDC/AF reference serum 5), 1:2,000; anti-
vimentin antibodies (Sigma Chemical Co.), 1:500.
Nitrocellulose blots were blocked with 5% Blotto
(Biorad, Inc., Hercules, CA, USA) in PBS overnight at
4°C. Bands were visualized using species-specific
antibody conjugated to horseradish peroxidase
(Amersham, Arlington Heights, IL, USA) at a dilution
of 1:7,500 in 5% Blotto in PBS, and developed using
ECL chemiluminescence performed according to the
manufacturer’s instructions (Amersham), or using

species-specific antibody conjugated to alkaline phos-
phatase and developing using colorimetric substrate
as indicated.

Cloning of Ku 70

Monoclonal Z3 was used to screen a Human T cell
cDNA library (Stratagene, Inc.). Of approximately 2
million plaques that were screened, four clones were
positive. Two of the four clones were sequenced and
used to screen GenBank®™ sequences using the FASTA
program [29] at the GENSTREAM network server
IGH Montpellier, France. Alignment of open reading
frames corresponding to the retrieved DNA sequences
was performed using LALIGN.

Results

Monoclonal antibodies derived from mice
immunized with apoptotic Jurkat cells precipitate
proteins from lysates prepared from 3°S-labelled
Jurkat T cells

Monoclonal antibodies were produced by immuniz-
ing BALB/c mice with apoptotic Jurkat T cells as
previously described (see Methods) [22]. Subse-
quently, the monoclonal antibodies were screened by
flow cytometry using an indirect fluorescence assay.
Those monoclonal antibodies which demonstrated
reactivity with permeabilized apoptotic Jurkat cells
but not apoptotic or untreated non-permeabilized
Jurkat cells were selected for further analysis. Of note,
these selected monoclonal antibodies also demon-
strated reactivity by flow cytometry with digitonin-
permeabilized normal Jurkat cells (although less than
with digitonin-permeabilized apoptotic Jurkat cells,
Figure 1), suggesting that the antibodies recognized
intracellular antigens. A summary of the antibodies
and their properties is presented in Table 1, and FACS
analyses of several representative antibodies (Z2 and
Z8) is shown in Figure 1.

Jurkat cells petabolically labelled with *°S methion-
ine and cysteine were cultured over a 3-h period,
solubilized in NP40 lysis buffer, and immunoprecipi-
tated using ascites containing each monoclonal anti-
body, except for monoclonal antibodies 7212, Z13, Z14
and Z15 (Figure 2, lanes 12, 13, 14 and 15) where
serum-free culture supernatants were used instead.
Immunoprecipitates were separated on a 12% SDS
polyacrylamide gel, transferred to nitrocellulose, and
subjected to autoradiography. As shown in Figure 2,
nearly half of the monoclonal antibodies precipitate
labelled proteins in one of several unique patterns. For
example, monoclonal antibodies Z3 and Z7 (lanes 3
and 7) immunoprecipitate a doublet of 70- and 80-kDa
(p70, p80, left arrows), while monoclonal antibodies
Z13 and Z15 (lanes 13 and 15) immunoprecipitate a
similar pattern of proteins in a broad molecular
weight range from approximately 5- to 90-kDa.
Additionally, an approximately 58-kDa protein (p58,
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Figure 1. Flow cytometric profiles of monoclonal antibody
staining of digitonin-permeabilized normal and apoptotic
cells. Jurkat cells were induced to undergo apoptosis with
Ara-C. Both apoptotic (A-C) and normal untreated (D-F)
Jurkat cells were fixed in 1% formalin solution in PBS for
20 min and permeabilized by incubation on ice for 5min
with digitonin. Permeabilized Jurkat cells were stained with
mAb Z2 (A and D), mAb Z8 (B and E), or a negative control
antibody (C and F), followed by staining with affinity-
purified goat anti-mouse IgG-FITC conjugate prior to flow
cytometric analysis. The percentage of positive cells is
indicated in each profile. Antibodies correspond to those
listed in Table 1.

left arrows) can be seen in five immunoprecipitations
(lanes 2, 4, 6, 12 and 14). These results suggest that
immunization of mice with apoptotic Jurkat cells
results in the production of antibodies capable of
precipitating several protein complexes or particles in
their native state.

Monoclonal antibodies immunoblot Ku 70

We next sought to determine if any of the monoclonal
antibodies recognize denatured antigens by subjecting
them to Western blot analysis using Jurkat cell
lysates as a substrate. Jurkat cells were solubilized in
Nonidet P-40 lysis buffer, separated on a 12% SDS-
polyacrylamide gel, and transferred to nitrocellulose.
Western blotting was carried out using ascites contain-
ing each monoclonal antibody separately. As shown in
Figure 3, two monoclonal antibodies immunoblotted
proteins, both of which were approximately 70 kDa
(lanes 3 and 7). None of the other 18 monoclonal
antibodies recognized proteins in this analysis despite
the ability of nearly half of the antibodies to precipi-
tate proteins (Figure 2). All 20 monoclonals were also
screened for their capacity to immunoblot proteins
present in lysates prepared from apoptotic Jurkat cells,
and similar results were obtained (data not shown).
In order to determine the identity of the 70-kDa
protein recognized by these two monoclonal anti-
bodies, a human T cell cDNA library was screened

using ascites containing monoclonal antibody Z3.
Of two million clones screened, four were positive.
Surprisingly, sequence analysis of two of the clones
revealed that they both encoded the human Ku 70
protein. Immunoprecipitation of unlabelled Jurkat cell
lysates using monoclonal antibody Z7 followed by
separation on a 12% SDS-polyacrylamide gel, transfer
to nitrocellulose and immunoblotting using mono-
clonal antibody Z3 demonstrated a 70-kDa protein
(Figure 4, lane 5). Reciprocal experiments using mono-
clonal antibody Z3 for the immunoprecipitation and
monoclonal antibody Z7 for the immunoblotting pro-
duced identical results, suggesting that monoclonal
antibody Z7 is also an anti-Ku 70 antibody. These
findings are congruent with the *°S methionine and
cysteine-labelled immunoprecipitates by these two
monoclonals (Figure 2, lanes 3 and 7) which demon-
strate two very prominent proteins migrating at 70
and 80 kDa. In addition, a high molecular weight
protein present in the immunoprecipitates is recog-
nized by antibodies directed against DNA-dependent
protein kinase (anti-DNA-PK, data not shown),
suggesting that Z3 and Z7 co-immunoprecipitate a
complex consisting of Ku 70, Ku 80, and DNA-PK.
Interestingly, in over five separate experiments, a
number of other antibodies (e.g., Z4, Z6, 212, and 713,
Figure 4, lanes 3, 4, 7 and 8) were also capable of
immunoprecipitating weak bands that were recog-
nized by an anti-Ku monoclonal antibody. None of the
other antibodies listed in Table 1 exhibited any ability
to precipitate Ku 70 (data not shown). In most cases
these additional antibodies immunoprecipitate very
weak or absent bands from radiolabelled Jurkat cell
lysates (e.g., Figure 2, lanes 4, 6, 12, and 13). This is
likely the result of variable metabolic labelling
between experiments, as the Western blot analysis
shown in Figure 4 was performed in a separate
experiment from that shown in Figure 2. The finding
that a known autoantigen complex was recognized by
a subset of these monoclonal antibodies generated
against apoptotic Jurkat cells led us to carefully exam-
ine the possibility that other autoantigens are also
targeted by this panel of monoclonal antibodies.

Monoclonal antibodies precipitate ribosomal
protein autoantigens from Jurkat T cell lysates

Examination of the pattern of proteins immuno-
precipitated by two of the monoclonal antibodies, Z13
and Z15, using either *°S- (Figure 2, lanes 13 and 15)
or **P- (data not shown) labelled Jurkat cell lysates,
resembled the published pattern of ribosomes when
separated by SDS-PAGE [30]. Therefore, these two
monoclonal antibodies were further evaluated to
determine if they precipitated ribosomal P auto-
antigens. Jurkat cells were solubilized in Nonidet
P-40 lysis buffer and immunoprecipitated using
human anti-ribosomal P antibody (Immunovision,
Inc., Figure 5, lane 1); healthy control human serum
(Figure 5, lane 4); and ascites containing the two
selected monoclonal antibodies Z13 and Z15 (Figure 5,
lanes 2 and 3). The immunoprecipitates were
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Table 1. Characterization of individual monoclonal antibodies

Monoclonal Isotype Ribo P snRNP Vimentin Immunoblot
71 IgA N.D. N.D. - -
72 1gG N.D. . ? -
Z3 IgG1 - - - Ku70
74 IgM N.D. - ++ -
Z5 N.D. N.D. N.D. - -
76 IgG1 N.D. - ++ -
z7 IgGl1 N.D. - - Ku70
Z8 IgG1 N.D. N.D. N.D. -
Z9 IgG1 N.D. N.D. N.D. -
Z10 N.D. N.D. - N.D. -
z11 IgG1 N.D - - -
712 IgM N.D ? + -
713 IgG1 + ? - -
Z14 IgM N.D ? ++ -
Z15 IgM + ? - -
Z16 IgM N.D. N.D. - -
z17 IgM N.D. N.D. N.D. -
718 IgM N.D. N.D. N.D. -
Z19 IgG1 N.D. N.D. N.D. -
720 IgM N.D. N.D. N.D. -

Individual monoclonal antibodies are identified by the Z-number in each row. The specific antibody isotype
is indicated for each monoclonal antibody. The following indicate that the noted monoclonal antibody
immunoprecipitates the specified protein complex as determined by Immunoprecipitation/Western blot
analysis: Ribo P, ribosomal P autoantigens rRNP1, rRNP2, and rRNP3; snRNP, Ul-small nuclear
ribonucleoprotein; vimentin. Immunoblot indicates the specific immunoreactivity of the indicated monoclonal
antibody against Jurkat cell lysates. Test results are labeled as positive (+); strongly positive (++); negative
(-); inconclusive (?); not done N.D.
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Figure 2. Analysis of proteins immunoprecipitated from radiolabelled Jurkat cell lysates using monoclonal antibodies. Jurkat
cells were labelled with *S methionine and cysteine and subsequently solubilized in Nonidet P-40 lysis buffer. Proteins were
precipitated using the indicated monoclonal antibodies, separated on 12% SDS-PAGE gels, transferred to nitrocellulose and
exposed for autoradiography. Bands corresponding to proteins p58, p70 and p80 are indicated on the left side of the panel.
The relative migration of molecular mass markers in kilodaltons is on the right side of the panel. Lanes are numbered at the
bottom of the figure. Antibodies correspond to those listed in Table 1.

separated on a 12% SDS-polyacrylamide gel and  were immunoblotted using human anti-ribosomal P
transferred to nitrocellulose. Cell lysate was also sep-  antibody (KH serum, a gift of C. A. Casiano and E. M.
arated on the gel (lane 5). The immobilized proteins Tan). As shown in Figure 5, lanes 2 and 3, the two
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Figure 3. Western blot analysis of monoclonal antibodies.
Jurkat cells were solubilized in Nonidet P-40 lysis buffer,
separated on a 12% SDS-PAGE gel and transferred to
nitrocellulose. Each monoclonal antibody was assessed for
its ability to immunoblot immobilized proteins. A band
corresponding to Ku 70 is labelled on the left side of the
panel. The relative migration of molecular mass markers
in kDa is indicated on the right side of the panel. Lanes
are numbered at the bottom of the figure. Antibodies
correspond to those listed in Table 1.
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Figure 4. Monoclonal antibodies immunoprecipitate Ku 70
from Jurkat cell lysates. Jurkat cells were solubilized in
Nonidet P-40 lysis buffer and immunoprecipitated with the
indicated monoclonal antibody. After separation on a 12%
SDS-polyacrylamide gel and transfer to nitrocellulose, the
filter was immunoblotted using anti-Ku monoclonal anti-
body (Z3). The band corresponding to Ku 70 is indicated on
the left side of the panel. The relative migration of molecular
mass markers in kilodaltons is indicated on the right side of
the panel. Lanes are numbered at the bottom of the panel.
Antibodies correspond to those listed in Table 1.

monoclonal antibodies precipitate all three ribosomal
P autoantigens (rRNP 1, rRNP2 and rRNP3, left
arrows). Healthy control serum fails to immuno-
precipitate these autoantigens (lane 4) while the
positive control anti-ribosomal P serum immuno-
precipitates all three rRNP autoantigens, as expected
(lane 1). Thus, in addition to the Ku/DNA-PK
particle, ribosomes are also recognized by mono-
clonal antibodies prepared from mice immunized
with apoptotic Jurkat cells.

Monoclonal antibodies precipitate U-small
nuclear ribonucleoprotein (U-snRNP)
autoantigens from Jurkat T cell lysates

Evidence that a second autoantigenic particle was
recognized by two of the monoclonal antibodies

Figure 5. Monoclonal antibodies immunoprecipitate ribo-
somal protein autoantigens from Jurkat cell lysates. Jurkat
cells were solubilized in Nonidet P-40 lysis buffer and
immunoprecipitated with the indicated monoclonal anti-
body or human sera. After separation on a 12% SDS-
polyacrylamide gel and transfer to nitrocellulose, the filter
was immunoblotted using anti-ribosomal P (KH serum).
Bands corresponding to ribosomal P autoantigens rRNP1,
rRNP2, and rRNP3 are indicated on the left side of the
panel. The relative migration of molecular mass markers
in kilodaltons is indicated on the right side of the panel.
Lanes are numbered at the bottom of the panel. Antibodies
correspond to those listed in Table 1.

obtained from mice immunized using apoptotic cells
directed us to search for other immunoprecipitated
autoantigens. The appearance of the immunoprecipi-
tation pattern produced by four of the monoclonal
antibodies using cell lysates derived from **P-labelled
apoptotic Jurkat cells (data not shown) was similar to
that recently reported for phosphorylated serine/
arginine (SR) splicing factors, which are known to
associate with the Ul-snRNP and U3-snoRNP auto-
antigen complexes during apoptosis [17, 18, 31].
Therefore, these four monoclonals were tested for their
ability to immunoprecipitate U-snRNPs from Jurkat
cell lysates. Jurkat cells were solubilized in Nonidet
P-40 lysis buffer and immunoprecipitated using
human anti-Sm (CDC/AF reference serum 5), (Figure
6, lane 7); monoclonal antibody U1A/U2B” (9A9) [27],
(Figure 6, lane 6); and ascites containing five selected
monoclonal antibodies (Figure 6, lanes 1-5). Immuno-
precipitates were separated on a 12% polyacrylamide
gel, transferred to nitrocellulose and immunoblotted
using anti-Sm (CDC/AF reference serum 5). Anti-Sm
has been shown previously to immunoblot multiple
proteins in the Smith complex including the protein
doublet B/B’ [32]. As shown in Figure 6, the two
bands corresponding to B and B’ (right arrows) are
clearly present in immunoprecipitates prepared using
monoclonal antibodies Z12, Z13, Z14, and Z15 (lanes
2-5), as well as monoclonal anti-U1A/U2B” (lane 6)
and anti-Sm (lane 7). The relative signal intensity of
the B and B’ bands is less in the monoclonal antibody
immunoprecipitates (lanes 2-5) compared to positive
control anti-U1A/U2B” and anti-Sm (lanes 6 and 7).
These two bands are not present using Z8 (lane 1).
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Figure 6. Monoclonal antibodies immunoprecipitate SnRNP
antigens from Jurkat cell lysates. Jurkat cells were solubil-
ized in Nonidet P-40 lysis buffer and immunoprecipitated
with individual monoclonal antibodies or human serum.
Immunoprecipitates were separated on a 12% SDS-
polyacrylamide gel and transferred to nitrocellulose. The
filter was immunoblotted with anti-Sm (CDC/AF reference
serum 5). Bands corresponding to U-snRNP proteins B and
B’ are indicated at the right side of the panel. The relative
migration of molecular mass markers in kilodaltons is also
indicated on the right side of the panel. Lanes are numbered
at the bottom of the panel. Antibodies correspond to those
listed in Table 1.

The lower signal intensity of B and B’ in the
monoclonal antibody immunoprecipitates compared
with the two positive control antibodies raises the
possibility that the monoclonal antibodies have a low
affinity for snRNPs or that the snRNPs are being
coprecipitated, perhaps related to their interaction
with RNA. In fact, incubation of *S-labelled Jurkat
cell lysates with RNase prior to immunoprecipitation
using the monoclonal antibodies did appear to signifi-
cantly reduce the amount of protein precipitated in
the case of monoclonal antibodies Z13 and Z15 but not
with Z12 and Z14 (data not shown). This result
suggests that the epitope recognized by some of these
monoclonal antibodies requires RNA to achieve the
necessary conformation for antibody binding, or that
some of the precipitated proteins including snRNPs
are coprecipitated by virtue of tethering to the
same RNA molecule. The possibility that some of
these antibodies directly recognize RNA has not been
formally addressed in these studies. Finally, these
monoclonal antibodies may recognize only a subset
of U-snRNPs, a hypothesis that is supported by
the ability of these antibodies to coprecipitate phos-
phorylated SR proteins from lysates prepared from
untreated cells (data not shown), which normally
are coprecipitated efficiently only when extracts are
prepared from apoptotic cells [17, 18].

We used the standard technique of ip injection of
pristane into BALB/c mice to obtain monoclonal
antibody-enriched ascitic fluid. Pristane injection has
been shown in several interesting reports to induce a
number of unique autoantibodies including anti-Sm,
anti-RNP, anti-ribosome, anti-Su, and anti-dsDNA. It

has been shown that this can result in the produc-
tion of high-titre, specific anti-U-snRNP antibodies
approximately two to four months following pristane
priming, and in the absence of coinjection of hybri-
doma cells [33]. Since the antibodies used in our initial
screen were prepared in mice that had been primed
with pristane prior to instillation of individual hybri-
domas, and to control for the possibility that a
pristane-induced artifact was responsible for the
generation of antibodies directed against U-snRNPs,
we performed comparable experiments using serum-
free culture supernatants of Z12, Z13, Z14 and Z15.
Identical results were obtained (data not shown).
Taken together, these results eliminate the possibility
of a ‘pristane artifact’, and suggest that a third auto-
antigen complex, the U-snRNP, is precipitated by four
of the monoclonal antibodies derived from mice
immunized with apoptotic Jurkat cells.

Monoclonal antibodies immunoprecipitate
vimentin

We noted that five monoclonal antibodies immuno-
precipitated a 58-kDa protein from **S-labelled Jurkat
cell lysates (Figure 2; lanes 2, 4, 6, 12 and 14). We were
intrigued that this 58-kDa protein was precipitated
by one-quarter of the monoclonal antibodies tested.
Since these monoclonal antibodies were produced by
immunizing mice using apoptotic Jurkat cells, we
wondered whether an important modification of the
58-kDa protein during apoptosis was occurring and
perhaps enhancing the protein’s immunogenicity.
Therefore, we investigated the effect of Fas-induced
apoptosis on this protein. Jurkat cells metabolically
labelled with *°S methionine and cysteine were cul-
tured over a 4-h period in the absence or presence of a
monoclonal antibody reactive with Fas (anti-7C11),
solubilized in Nonidet P-40 lysis buffer, and immuno-
precipitated using these selected monoclonal anti-
bodies. Immunoprecipitates were separated on a 12%
SDS-polyacrylamide gel, transferred to nitrocellulose
and subjected to autoradiography. DNA fragmen-
tation in cells treated with anti-7C11 was confirmed in
parallel experiments (data not shown). As shown in
Figure 7, a 58-kDa band is observed (lanes 1, 3, 5, 7
and 9; right arrow) which diminishes markedly in
intensity in cells treated with a monoclonal antibody
reactive with Fas (lanes 2, 4, 6, 8, 10).

Many autoantigens are cleaved by caspases during
apoptosis [5], and we hypothesized that this 58-kDa
protein might also be cleaved during Fas-mediated
cell death. Review of the literature identified the
autoantigen vimentin as a candidate 58-kDa protein
which has been reported to be targeted by caspases
during programmed cell death [34]. To determine if
the 58-kDa protein immunoprecipitated by the mono-
clonal antibodies was vimentin, we solubilized Jurkat
cells in Nonidet P-40 lysis buffer and immunoprecipi-
tated using the monoclonal antibodies 72, Z4, Ze,
Z12 and Z14 (Figure 8). The immunoprecipitates
were subjected to 7% SDS-PAGE, transferred to
nitrocellulose and immunoblotted using monoclonal
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Figure 7. Selected monoclonal antibodies precipitate a
58 kDa protein (p58) from **S labelled non-apoptotic Jurkat
lysates which is diminished in labelled apoptotic immuno-
precipitates. Jurkat cells were labelled with *>S methionine
and cysteine and lysed either before (—) or 3 h after (+) the
addition of anti-Fas 7C11. Proteins were then precipitated
using selected monoclonal antibodies, separated on a 12%
SDS-polyacrylamide gel, transferred to nitrocellulose, and
exposed for autoradiography. A band corresponding to the
58 kDa protein (p58) is indicated at the right side of the
panel. The relative migration of molecular mass markers
in kilodaltons is indicated on the right side of the panel.
Lanes are numbered at the bottom of the panel. Antibodies
correspond to those listed in Table 1.
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Figure 8. Monoclonal antibodies immunoprecipitate vimen-
tin from Jurkat cell lysates. Jurkat cells were solubilized in
Nonidet P-40 lysis buffer and immunoprecipitated with
individual monoclonal antibodies. After separation on a 7%
SDS-polyacrylamide gel and transfer to nitrocellulose, the
filter was immunoblotted with anti-vimentin antibody. A
band corresponding to vimentin is indicated at the right side
of the panel. The relative migration of molecular mass
markers in kilodaltons is indicated on the right side of the
panel. Lanes are numbered at the bottom of the panel.
Antibodies correspond to those listed in Table 1.

anti-vimentin antibody (Sigma Chemical Co.). As
shown in Figure 8, a 58-kDa protein is recognized
by anti-vimentin antibodies in immunoprecipitates
using 74, Z6, Z12 and Z14 (lanes 5, 6, 9 and 11).
Monoclonal antibody Z2 (lane 2) precipitates a protein
at a position slightly higher than that predicted for
vimentin. The high signal intensity extends into and
obscures the area in which vimentin is expected to
migrate. These results correspond exactly with those
monoclonal antibodies which immunoprecipitate
the 58-kDa protein from the *°S metabolic labelling
experiments (Figures 2 and 7). When taken together,
these results suggest that the autoantigen vimentin
is the target of a subset of monoclonal antibodies
generated by immunizing mice with apoptotic Jurkat
cells.

Discussion

Several autoimmune diseases including systemic
lupus erythematosus (SLE), Sjogren’s syndrome, poly-
myositis, and scleroderma are characterized by the
production of autoantibodies [reviewed in 35].
Although the initiating events in autoantibody pro-
duction remain unknown, there is increasing evidence
that apoptotic cells may serve as reservoirs of auto-
antigens. Human keratinocytes induced to undergo
apoptosis demonstrate clustering of autoantigens
into discreet blebs at the cell surface [3]. Moreover,
cultured keratinocytes exposed to ultraviolet B/
ultraviolet A irradiation (a known apoptotic stimulus)
demonstrate enhanced binding of autoantibodies
directed against Sm, RNP, Ro, and La to the cell
surface membrane [2]. Such evidence raises the possi-
bility that apoptotic cells might present self-antigens
to the immune system in a manner that bypasses
normal mechanisms of tolerance.

More recently, there has been further support for a
role for apoptosis in the development of autoanti-
bodies. Normal mice immunized intravenously with
syngeneic apoptotic thymocytes develop low levels of
autoantibodies whereas similar mice immunized with
non-apoptotic syngeneic splenocytes generally do not
develop autoantibodies [21]. Our study differs from
Mevorach et al. in several potentially important ways.
First, the route of immunization differed in that
we immunized intraperitoneally or subcutaneously
rather than intravenously. The route of immunization
could have a considerable effect on antigen processing
and the subsequent immune response, which at
present is not well understood. Second, our study
utilized monoclonal antibodies rather than sera
derived from mice immunized using apoptotic cells,
and included analysis of immunoprecipitates of cell
lysates using these monoclonal antibodies. These
methodological differences may account for the ability
of our monoclonal antibodies to recognize ribosomes
and snRNPs, while the study of Mevorach et al. failed
to identify such antibodies.

Perhaps the most important difference between our
study and that of Mevorach et al. is that we used
human rather than syngeneic cells to immunize our
mice. We acknowledge that the possibility exists that
the antibodies produced in our mice are simply the
result of xenogeneic differences between mice and
humans. However, there are several observations that
suggest this is not the case. First, previous immuniz-
ation studies in our laboratory using intracellular
human antigens (i.e., produced by permeabilizing
Jurkat cells with digitonin, followed by immunization
and production of monoclonal antibodies) identified a
number of intracellular antigens, including TIA-1 and
the T cell receptor & chain [24, 25]. Importantly, none
of these monoclonal antibodies recognized prominent
autoantigens, as was observed in our present study.
Second, the fact that nearly half of the monoclonal
antibodies we screened precipitate known autoanti-
gens suggests an intriguing preference by the immune
response for these normally inaccessible intracellular
proteins. Such a bias might be related to enhanced
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access to these autoantigens in the surface blebs of
apoptotic cells or through the creation of neoepitopes
through post-translational modifications occurring
during programmed cell death (see below) [3, 36-38].
Regardless of the methodological differences that exist
between our study and that of Mevorach et al., the
monoclonal antibodies report herein will be extremely
useful probes to study human autoantigens, particu-
larly Ku, which has been difficult to study because of
the lack of antibodies capable of recognizing the intact
Ku/DNA-PK complex.

Our results confirm that proteins translocated to the
cell surface of apoptotic cells may be preferentially
targeted by the immune system. Two distinct popu-
lations of surface blebs are present in apoptotic cells
[39]. ‘Small blebs’ contain ribosomal antigens, Ro,
signal recognition particle (SRP) and calreticulin while
‘apoptotic bodies” contain multiple autoantigens
including snRNPs, Sm, Ku/DNA-PK, PARP, and
nuclear mitotic apparatus protein (NuMA) [40].
Nearly half of the monoclonal antibodies we screened
from normal mice immunized with apoptotic Jurkat
cells precipitate autoantigens present in these apop-
totic blebs, including Ku, ribosomes and snRNPs. To
our knowledge, apoptotic cells have not been exam-
ined for the presence of vimentin within surface blebs.

It has been postulated that posttranslational modi-
fications of proteins during apoptosis may lead to
the presentation of modified proteins in such a way
that normal mechanisms of tolerance are bypassed
[reviewed in 4, 5]. Many autoantigens are substrates
for cleavage by caspases during apoptosis, including
DNA-PK, U1-70ukDa, and vimentin [34, 36, 38]. Other
types of posttranslational modifications might also
predispose to autoantibody formation including
ubiquitination, transglutamination, phosphorylation,
and dephosphorylation [reviewed in 4, 5]. Finally,
cleavage of several autoantigens by granzyme B has
been observed to occur at unique sites not recognized
by caspases [8, 9]. Interestingly, DNA-PK, Ku-70, and
U1-70 kDa were found to be substrates for granzyme
B in the study of Casciola-Rosen et al., raising the
intruiging possibility that granzyme-mediated auto-
antigen cleavage may be involved in bypassing toler-
ance to the Ku/DNA-PK and Ul-snRNP complexes
by creating novel epitopes that are not generated
during other forms of cell death.

Since all four of the proteins or protein complexes
recognized by the monoclonal antibodies in our
present study are known to be modified in some way
during apoptosis, these results provide further indi-
rect evidence for a relationship between autoantigen
modifications occurring during apoptosis and the
development of autoimmunity. First, two monoclonal
antibodies directly recognize Ku-70. DNA-PK, a con-
stituent of the Ku complex, is cleaved by caspases [36],
and both Ku-70 and DNA-PK are substrates for
granzyme B [8]. The proteolysis of DNA-PK could
result in neoepitope formation followed by the subse-
quent presentation to T cells not tolerant to the novel
peptide, thus resulting in an immune response. By the
process of ‘intermolecular epitope spreading’ in which
an immune response to a particular protein within

a complex facilitates antibody formation against
other proteins in the same complex, it is conceivable
that Ku-70 could also become a target, as has been
described for the immune response against the
U1-snRNP complex and the Ro/La particle [41].

Two of the monoclonal antibodies produced by
immunizing mice with apoptotic Jurkat cells precipi-
tate ribosomes, including the ribosomal P autoanti-
gens. The ribosomal P proteins have not been reported
to undergo posttranslational modifications during
apoptosis, but 285 rRNA is cleaved at specific sites
during programmed cell death [11, 42]. Interestingly,
three-quarters of patients with SLE whose sera con-
tains antiribosomal P antibodies also have antibodies
to a region of 285 rRNA [43]. This association between
antiribosomal P antibodies and anti-285 rRNA anti-
bodies is in accord with the hypothesis that an
immune response against neoepitopes formed follow-
ing cleavage of 285 rRNA results in ‘epitope spread-
ing’ to other ribosomal components (e.g. ribosomal P
proteins).

Four of the monoclonal antibodies derived from
mice immunized with apoptotic cells precipitated
snRNPs. As previously mentioned, the Ul-snRNP
undergoes a number of changes during apoptosis
including association with phosphorylated SR pro-
teins [17, 18], caspase-mediated cleavage of the
Ul-70 kDa protein [38], and cleavage of the Ul-
snRNA molecule [10]. Each of these posttranslational
modifications could result in neoepitope formation
and a subsequent immune response. Finally, five of
the monoclonal antibodies precipitate the intermedi-
ate filament vimentin, a known caspase substrate.
Autoantibodies to intermediate filaments have been
described in several autoimmune diseases including
SLE, Behget’s disease, rheumatoid arthritis, and
Sjogren’s syndrome [44-46]. In a study of patients
with SLE, over half were found to have antibodies
specifically targeting vimentin [45].

In summary, by exposing mice to apoptotic human
lymphocytes we have developed a panel of mono-
clonal antibodies, many of which specifically recog-
nize at least four distinct autoantigens or particles.
These monoclonal antibodies may be useful tools for
identifying other components of autoantigen particles
such as the Ku/DNA-PK complex and U-snRNPs.
Importantly, these experiments solidify the intriguing
link between apoptosis, posttranslational protein
modifications, and the subsequent development of an
autoimmune response [47-49]. Future experiments in
which monoclonal antibodies are derived from mice
immunized with apoptotic syngeneic cells or cells
exposed to Granzyme B are underway, with the long
term goal to better understand the mechanism(s) by
which tolerance to human autoantigens is broken.
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